Cryptococcal meningitis (CM) is a common disease in resource-challenged settings, with a high mortality within weeks of disease onset. Mortality remains high with current treatments, so more effective interventions are needed to decrease mortality. There has been interest in using the outcome assessment of quantification of fungus from cerebrospinal fluid as a replacement (surrogate) endpoint for all-cause mortality (ACM) as a means of decreasing sample size in randomized clinical trials in CM. To evaluate a biomarker as a potential surrogate endpoint to replace ACM requires several steps. This paper discusses the issues of determining whether the context of a disease is one where a potential surrogate endpoint is rational, the types of outcome assessments that might qualify as potential surrogates, and the process for evaluation of the evidence that a chosen biomarker is a valid replacement for ACM in the given context of use. We then apply those principles to the context of randomized clinical trials of CM.
Introduction
Cryptococcal meningitis (CM) is a major cause of mortality in patients with HIV/AIDS, particularly in populations where combined antiretroviral therapy is not readily available. There are approximately 1 million cases per year and 625,000 deaths. In subSaharan Africa, it is the leading cause of death among people living with HIV/AIDS, with case fatality rates as high as 70 % in 3 months [1] [2] [3] . Although antifungal treatments for CM, including triazole and amphotericin-based therapy, have been studied, high mortality rates are still reported in treated patients in recent trials [4] . Therefore, more effective therapies are needed. Adequately designed clinical trials are necessary to evaluate the benefits and harms of interventions in the treatment of CM.
In designing trials to evaluate interventions in the treatment of CM, interest has increased regarding the selection of outcome assessments as endpoints, including biomarkers as potential surrogate endpoints for mortality. The purpose of these biomarkers would be to use a smaller sample size in randomized trials to determine which treatment options for CM might lower mortality compared with other treatment regimens. We describe considerations in the selection of outcome assessments in clinical trials in general, and then apply those principles to the setting of clinical trials in CM. We also discuss the contexts in which selection of biomarkers as surrogate endpoints is scientifically justifiable and the evaluation of the validity of biomarkers as surrogate endpoints.
Outcome assessments in clinical trials
The primary goal of administering any intervention is to have beneficial net effects (balanced against harms) on meaningful health aspects of patients' lives, defined as patient symptoms, daily function, and/or survival. The selection of appropriate outcome assessments for use as endpoints in clinical trials depends on the context of use of the trial. Context of use includes the natural history of the disease, the patient population under study, the severity of illness at baseline in that population, and the study design, among other considerations.
Outcome assessments in serious and life-threatening diseases
For serious and life-threatening diseases, the most important meaningful health aspect for which treatment should have an effect is in decreasing all-cause mortality (ACM) and irreversible morbidity for patients. In acute diseases, ACM can be measured in a short period of time after randomization. ACM is of primary importance, but ACM also obviates the measurement of other outcomes within the same time period; that is, symptoms such as neurological abnormalities cannot be measured in patients who have died during the course of a study. ACM is more clinically relevant than cause-specific mortality. In a population of patients who die of a disease in the given time period, treatments for a different disease cannot be helpful to those patients in the same time period. For instance, if patients with CM die of tuberculosis or HIV during the time of treatment for CM, those other causes are not irrelevant; rather, those patients do not benefit from treatment for CM. Cause-specific mortality attempts to answer a less clinically relevant question of whether patients would live if they did not die of something else first. ACM as an outcome assessment is objective in that it does not require interpretation from others, as opposed to cause-specific mortality, which often requires judgment in ascertaining a cause of death. Studies show that clinicians often are inaccurate in their assessments of cause of death compared with autopsy data [5] . The process of randomization in clinical trials gives an equal probability of death from causes other than the interventions tested. Randomization allows for conclusions that differences in outcomes -either for benefit or for harm -are causally related to the interventions tested [6] . ACM does not require any special testing to measure, and data on ACM usually can be obtained even in resource-challenged settings. Finally, ACM encompasses both benefit and harm into a single measure. Interventions that have beneficial effects on one aspect of disease may be counterbalanced if the intervention increases mortality through some other unintended off-target mechanism of disease or through adverse effects of the intervention [7, 8•] .
Outcome assessments that measure physiological or pharmacological processes measure biological activity but do not necessarily reflect benefits on meaningful health aspects of patients' lives, such as symptoms, function, or survival [9] . While biological activity may confirm a mechanism of action or help to select candidate interventions for further study in confirmatory trials, biological activity is insufficient to evaluate whether patient benefit exceeds harm on patient-centered outcomes. In all clinical settings, and especially in resource-challenged settings, demonstration of patient benefit that exceeds harm justifies paying for and implementing interventions in clinical practice.
Direct and indirect outcome assessments
Outcome assessments that directly measure patients' symptoms, function, and survival have been termed 'clinical' outcomes [9] . This term does cause confusion since the word 'clinical' is often used in other contexts to refer to any measurement made at the patient's bedside [8•] . However, many indirect measures of benefit are measured at the bedside in the clinical setting. Indirect measures of patient benefit include clinician-reported outcomes of signs of disease that require some judgment of trained medical professionals in obtaining or interpreting the measurement, and biomarkers defined as laboratory or radiological measures that do not require judgment in their measurement or interpretation [9] . Biomarkers can serve a number of purposes, including diagnosis of disease, staging of disease, as risk factors for acquisition of disease, and as prognostic measures that indicate which patients are more likely to have worse outcomes independent of treatment [9] . In some settings, biomarkers have been proposed as outcome assessments to define endpoints to measure treatment effects of interventions in clinical trials. In this context, they function as replacements or 'surrogates' for the actual direct outcome of interest on patient symptoms, function, or survival.
Outcome assessments are the tools/measures used to evaluate health status of patients, while an endpoint is how the outcome assessment is used in the setting of clinical trials to measure treatment effects [10] . For example, microbiological biomarkers based on cultures of organisms are outcome assessments. However, this biomarker outcome assessment of cultures can be evaluated in various ways to form endpoints in trials. For instance, cultures can be evaluated as a dichotomous value (culture positive/culture negative) at a fixed time-point, as time to culture conversion, or as the slope of decrease in culture positivity.
Results based on these endpoints can be evaluated using mean differences between groups or developing a 'responder' criteria based on proportions of patients in the study group who meet some defined 'successful' outcome based on cultures. All use the same outcome assessment (microbiological culture), but the endpoint is constructed in different ways. Endpoints can be composed of more than one outcome assessment. For instance, when biomarkers are used as surrogate endpoints in trials, any events for which the biomarker is a replacement (i.e. ACM) that occur during the course of the study would still be considered 'failure' of treatment. For example, in trials of antiretroviral agents for HIV/ AIDS, any deaths that occur during a study would count as 'failure' of treatment, regardless of viral load measurements.
Choosing biomarkers as indirect outcome assessments
There are several considerations regarding the choice of biomarkers as indirect measures of patient benefit in clinical trials. The first is to decide on the meaningful health aspects of patients' lives based on survival or patient function/symptoms for which the biomarker may serve as a replacement. Lack of clarity on this basic point can lead to challenges in both evaluating the biomarker and in interpreting trial results. In most situations, the not insubstantial risks of erroneous results with using a biomarker as a surrogate endpoint are justifiable only in the setting of serious and life-threatening diseases, meaning the biomarker serves as substitute for ACM or some direct measure of irreversible morbidity. US regulations point out that surrogate endpoints as a basis for accelerated approval of drugs and biologics are only used in the setting of serious and life-threatening diseases [11] . Part of the reason for this is that when biomarkers serve as substitutes for irreversible morbidity and mortality, there is justification for a benefit that outweighs any non-mortality harms. This is because when biomarkers are used to measure benefit, harms and benefit may be judged on different scales, since harms are usually evaluated through direct outcome assessments. Therefore, the comparison of benefit and harms is challenging when benefit is measured based on a biomarker, but harm is measured based on direct assessments, for example comparing a serious adverse event like anaphylaxis to a laboratory-based indirect assessment of benefit like microbiological cultures. This occurred in a recent example with the drug bedaquiline for multi-drug-resistant tuberculosis, where the drug decreased sputum culture positivity when added to older TB drugs compared with those same older TB drugs as the control, but increased mortality fivefold [12] .
A second consideration is to evaluate whether a biomarker as a potential surrogate endpoint is needed in the specific context of use of a clinical trial due to challenges in measuring a direct outcome. Biomarkers most often are proposed as outcomes in chronic diseases where the direct outcome of interest like ACM may happen years in the future. Biomarkers are less often needed in acute diseases where direct outcomes occur in weeks to months. In the setting of acute diseases, biomarkers may be used if the direct outcomes of interest are uncommon. Since biomarkers may be more common and treatment effects may be larger, they may allow for smaller sample sizes for trials [8•] .
If the context of use justifies use of a biomarker as a substitute for a clearly defined direct outcome, the next step is to choose a candidate biomarker.
Candidate biomarkers should be easily measured in a reproducible manner. Biomarkers should be on the causal pathway of the disease. Biomarkers that are not on the causal pathway of disease may be affected independently of the effect on the disease. For instance, increased body temperature (fever) is not on the causal pathway of pneumonia, rather pneumonia causes fever. Therefore, body temperature may be lowered by interventions (e.g. antipyretics) that do not affect the course of pneumonia.
Evaluating biomarkers: relationship to all-cause mortality
The treatment effect of an intervention on a biomarker should reflect the net treatment effect of the intervention on benefits and harms on direct measures of benefit such as ACM. Treatment effect is defined as the causal impact of an intervention on outcomes. Treatment effect is quantitatively measured by comparing the effects of interventions on outcomes in a test group to outcomes in a control group. Randomized trials have the greatest ability to decrease bias and confounding when assessing causal effects of interventions on outcomes.
A recent Institute of Medicine (IOM) expert panel outlined the process for evaluation of biomarkers when the context of use justifies use of a biomarker as a potential surrogate endpoint [13•] . First, the performance characteristics of the test used as the biomarker should be evaluated, including standardization, and reproducibility between and within users -a process termed analytical validity. A test's analytical characteristics may vary under different conditions of use, such as in different patient populations or in resource-challenged settings. Therefore, analytical validity applies only to the context of use in the clinical trial setting in which the biomarker test is used.
The second step is termed qualification. This step consists of assessment of available evidence on relationships between the biomarker and direct outcomes for which the biomarker is a substitute.
Evidence showing correlations between changes in the biomarker and ACM independent of treatment is a necessary but not sufficient step in qualification (Fig. 1) . A correlation is an association that is quantitative, such that when one variable changes, the other variable changes in a predictable and quantitative way. For example, as HIV viral load increases, ACM increases (a positive correlation) or as CD4 count increases, ACM decreases (an inverse correlation). Demonstration of correlations between the biomarker and ACM is sufficient to evaluate the biomarker as a prognostic factor, since causality is not needed for prognostic indicators. Prognostic factors select patient populations that are more or less likely to have better or worse outcomes, independent of treatment received. However, it is a different question to evaluate whether an intervention that changes a prognostic factor has a positive impact on outcomes that are causally related to the intervention. Correlations between biomarkers and ACM do not address this question, since neither associations nor correlations between biomarkers and ACM necessarily reflect causal effects of interventions.
Measurement of treatment effects on the biomarkers that reflect treatment effects on ACM requires causal evidence, usually from multiple randomized trials. For instance, multiple randomized clinical trials show that treatment effects of interventions that lower blood pressure reflect treatment effects of decreasing mortality, strokes, and myocardial infarctions. Multiple randomized trials show that interventions that lower viral load also lower ACM and AIDSdefining events.
Observational studies or registries that compare treated and untreated patients may have important differences in measured and unmeasured confounders at baseline between treated and untreated patients, making it challenging to assess the causality of interventions on outcomes [14•] . Similarly, comparing subgroups of 'responders' to 'non-responders' on ACM in clinical trials and showing beneficial effects on biomarkers in the 'responder' group compares groups with differing baseline risks of death, making assessment of causality and outcomes difficult [15] . Figure 1 . Panel (a) shows how randomization at the baseline of a clinical trial equally distributes patients with good prognosis (green) and poor prognosis (red) between groups. Panel (b) shows that, when followed to outcomes, randomization allows assessment of causal effects so that any effects demonstrated are due to the interventions tested and not to confounding based on baseline prognostic factors, since these remain balanced between the groups. Panel (c) shows the common method of evaluating correlations for prognostic factors, in which patients with 'successful' outcomes are compared with patients with 'unsuccessful' outcomes. Note these analyses are not randomized and compare patients with inherently better prognosis (green) with patients with inherently worse prognosis (red), meaning that the differences measured may not be causally due to the interventions tested. Panel (d) shows the appropriate way to evaluate biomarkers, where the difference between randomized test and control groups are compared for effects on the biomarker and effects on the direct outcome like all-cause mortality. In this example, there is a large effect (42 %) on the biomarker, but no effect on the direct outcome of interest (0 %), showing that this is not a valid biomarker.
The utility of surrogate endpoints as a replacement for direct outcomes is contextual; that is, a surrogate endpoint that is a valid replacement for ACM under one set of conditions (e.g. types of intervention, types of patients, stage of disease, etc.) may not be valid under other conditions (e.g. interventions with different mechanisms of action). The IOM panel pointed out that the evidence for qualification of potential surrogate endpoints should be evaluated using all the evidence independent of context of use at first, and then describe conditions where the potential surrogate is useful and conditions where it is not useful [13•] (p 3.18) .
Application of outcome assessment principles to CM
CM is a serious and life-threatening disease; therefore, ACM is the meaningful health aspect of patients' lives for which any biomarker in CM should serve as a replacement. Terms like 'cure of infection' do not explicitly state the benefit for patients in terms of how they feel, function, or survive. Irreversible morbidity such as permanent neurological defects in those who survive could also serve as a candidate for replacement by a biomarker. However, to measure neurological deficits would require developing well defined, reliable, standardized, and clinically relevant measures to evaluate this concept. To date, biomarkers in CM have not been evaluated as replacements for any other outcomes beyond ACM.
Is a biomarker needed as a surrogate endpoint for studies in CM? In the context of use in areas like sub-Saharan Africa, the mortality rate is relatively high with current therapies (one in every four to five patients treated), and death occurs in a short period of time in this acute disease. Therefore, mortality can be measured as an outcome assessment used as the primary endpoint, and the need for a biomarker as a surrogate endpoint is questionable. Recent studies show the use of ACM as an endpoint is possible [16•] .
However, there has been interest, even in the context of acute disease with high short-term mortality, in using microbiological effects on fungal clearance in cerebrospinal fluid (CSF) as a surrogate endpoint for ACM in order to decrease the sample size of clinical trials or to select candidate interventions in earlier phase studies to move forward into confirmatory trials. In order to accomplish this goal, one must ascertain that a difference between test and control groups on decreasing fungal burden in CSF also shows a difference between test and control groups (treatment effects) on ACM. One must also ascertain how much of a treatment effect (effect size) on fungal burden corresponds to how much of an effect on ACM. If large treatment effects on fungal burden reflect a small benefit on ACM, then small differences in fungal burden will not reflect any meaningful difference on ACM. However, if large effects on fungal burden reflect large effects on ACM, there is little reason to use a surrogate endpoint, as ACM can be measured directly and little is gained in terms of decreasing sample size.
Cryptococcal fungi are on the causal pathway of disease in CM, therefore fungal burden in CSF is a rational biomarker to consider as a potential surrogate endpoint. However, lumbar puncture is an invasive test and is more complex to perform, and quantitative culture is more labor intensive than biomarkers like blood testing for HIV viral load.
The biomarker outcome assessment of fungal culture in CSF has been evaluated in several ways as endpoints in CM trials; time to sterilization of CSF, proportion of patients with negative CSF cultures at specific time points, and, more recently, early fungicidal activity (EFA) [4, [17] [18] [19] . Time to sterilization of CSF has been evaluated as the time to last day of any amount of culture positivity defined as colony-forming units (CFU) of cryptococcus in CSF cultures [20] . Other trials have used the endpoint of proportion of patients with positive CSF cultures at 2 weeks post-randomization [21] . EFA is a measure of the rate of clearance of cryptococcus from the CSF, reported as a logarithm of CFU per milliliter of CSF per day. For the purpose of establishing the rate of clearance, the slope of the linear regression of log CFU/ml against time for each individual patient is determined by serial lumbar punctures, typically measured during the first 14 days after initiating antifungal therapy [22] .
Although fungal cultures including EFA have been used in clinical trials, we are unaware of any studies that specifically evaluate the analytical validity of fungal cultures. Unlike obtaining blood for testing in HIV, obtaining serial lumbar punctures may have unique challenges, especially in resourcechallenged settings. Furthermore, specialized equipment is necessary for growth of cryptococcus in culture, and time needed for growth and then counting of CFUs. The challenges inherent in measuring serial lumbar punctures and cultures may potentially lead to more missing data on endpoints in trials. A recent study had a number of missing data points for EFA [16•] . This may be due to challenges in obtaining the cultures or due to the competing risk of patient mortality before investigators could obtain the information.
Studies that have evaluated the relationship between EFA and ACM have focused on demonstration of correlations of patients' EFA values with mortality with various drug regimens, showing that patients who have decreasing EFA have lower ACM. These studies indicate that EFA may be useful as a prognostic indicator in that patients experiencing a slower sterilization of the CSF are likely to have a poorer outcome [18] . These studies are a useful and necessary first step in evaluation of a biomarker. However, as explained above, analyses that compare patients with various fungal outcomes are not randomized, meaning they may compare patients with inherent better prognoses based on patient, organism, or disease factors at baseline. Such analyses do not show that causal effects of treatment-induced decreases in EFA result in treatment-induced decreases in ACM, demonstrated by the difference in both EFA and ACM between the test and control group for each randomized study. These analyses would compare patients with similar baseline characteristics based on randomization, with the ability to attribute effects on EFA and ACM to the causal effects of the interventions studied. To date, individual studies in CM that demonstrate differences in EFA between the test and control groups due to treatment often show no differences between test and control groups on ACM. This may be because the individual studies are too small to detect differences in mortality or because EFA is not a valid surrogate endpoint for ACM, or that EFA is a valid surrogate only in specific contexts of use and not generally applicable.
Work is ongoing to evaluate all randomized trials that include fungal outcome assessments and ACM to perform a systematic review and metaanalysis (if possible) to compare treatment effects on EFA against treatment effects on ACM [23] . As stated by the IOM panel, the first step is to evaluate all evidence with all interventions, then follow this general analysis with analyses relevant to specific contexts of use (e.g. higher-quality studies or by types of drug regimens). One recent meta-analysis including only four studies and combined observational and randomized trials claimed a treatment effect on both EFA and ACM only at 14 days post-randomization but not at day 70 [24] . This study excluded many randomized trials in CM and does not determine whether EFA is a universally applicable surrogate endpoint for ACM. A recent randomized trial claimed a benefit on both EFA and mortality with the combination of 2 weeks of amphotericin B deoxycholate and flucytosine compared with amphotericin alone [16•] . However, this study did not adjust for multiple comparisons among multiple time points and multiple treatment regimens, reflected in the conclusions of an 'association' rather than a causal relationship between the interventions and outcomes [25] . Again, this single study does not show that the biomarker is universally useful as a surrogate endpoint for ACM in all contexts, and shows that the biomarker is not necessary when differences in ACM are shown. Interventions that affect host response and inflammation (e.g. steroids) may have beneficial effects on ACM even though they do not impact or adversely impact fungal clearance. This has been demonstrated in bacterial meningitis.
The possible outcomes of a systematic review/meta-analysis would be to (1) provide evidence that EFA does or does not reflect benefits on ACM, or (2) show that further studies with increased sample size are needed to confirm whether EFA is a valid surrogate endpoint for ACM if evidence is currently inconclusive.
In addition, this analysis should evaluate the magnitude of the effect size on EFA and ACM, if any, as this would help to determine whether EFA can decrease the sample size of trials. If the effect size on EFA is similar to that on ACM, then there will be little benefit in decreasing sample size by using a surrogate endpoint. Investigators should also evaluate the amount of missing data, and to determine whether early mortality obviates the measurements of EFA. If this is the case, again there would be little utility to using a surrogate endpoint since the direct outcome of interest occurs first. Pre-clinical or early clinical testing may also reveal situations in CM where EFA may not be applicable as a potential surrogate endpoint, such as in interventions with a primary immunological effect rather than a direct antifungal mechanism.
The process of evaluating a potential surrogate endpoint includes specifying the context of use to determine if that context warrants a surrogate endpoint (e.g. chronic disease such as HIV/AIDS, where outcomes like ACM occur years in the future, or acute disease where direct outcomes are rare). Another aspect of context of use would be the mechanism of action of the intervention. Interventions whose mechanism of action is primarily immunological may not have an effect on microbiological endpoints that reflects effects on direct outcomes like ACM. Investigators should clearly define the aspect of patient's life (survival or irreversible morbidity) for which the surrogate is a substitute. The potential surrogate should be on the causal pathway of the disease. Potential surrogates should also show a correlation between changes in the potential surrogate and the direct outcome of interest (ACM) as a necessary but not sufficient first step, since this correlation may not be causal and may compare sicker with less sick patients. Finally, the most important step in evaluating a potential surrogate is the comparison of treatment effects (the difference in outcomes between the test and control groups) in randomized clinical trials on both the potential surrogate and the direct outcome of interest (ACM) to show that the potential surrogate can be used as a substitute for effects of the intervention on the direct outcome. Many surrogates show correlations with direct outcomes that, on further evaluation, are not causally related to treatment effects of interventions.
The IOM panel pointed out "strong evidence and a compelling context are needed for the utilization of a biomarker as a surrogate endpoint." [13•] (page S-8). At the present time, it appears work is incomplete and still ongoing to qualify fungal outcomes, including EFA, as a valid replacement for ACM in CM. For the time being, studies should be based on the primary outcome of ACM, with sufficient sample sizes and focused research questions with clear and quantifiable measurements to detect differences of various regimens on ACM. Using appropriate methodology to measure both direct effects of interventions on ACM as well as properly developing, evaluating, and qualifying potential surrogate endpoints in the appropriate context will help clinicians choose the best treatment options for patients with CM.
